We present a new practical exercise to explain the mechanisms of aggregation of some colloids which are otherwise not easy to understand. We have used tennis balls to simulate, in a visual way, the aggregation of colloids under reaction-limited colloid aggregation (RLCA) and diffusion-limited colloid aggregation (DLCA) regimes. We have used the images of the cluster of balls, following Forrest and Witten's pioneering studies on the aggregation of smoke particles, to estimate their fractal dimension.
Introduction
Colloids are particles, with a size greater than 1 nm, dissolved in a continuum medium. Aggregates (or clusters) of those colloid particles can have very different morphologies depending on the particles' charge, their composition, pH and the ionic strength of the medium etc.
The mechanisms of aggregation of some colloids have great influence on the stability and application of these systems in diverse fields of science, including pollution, gels, aerosols, pigments and biomedicine.
Since the 1980s, researchers have used the fractal dimension to define the degree of complexity of these clusters and the way in which monomers occupy space in the structure of the cluster.
The first studies concerning the fractal dimension of colloid aggregates were carried out by Forrest and Witten in 1979 [1] . They studied the aggregation of smoke particles. They obtained a fractal dimension of around 1.53 analysing images obtained by transmission electron microscopy. Nowadays, more sophisticated techniques based on light scattering have been developed to calculate the fractal dimension of colloid aggregates [2] [3] [4] [5] [6] [7] [8] .
The later use of computer simulations allowed a deeper understanding of the details of the mechanisms of aggregation [9] [10] [11] [12] . These simulations were based on the interactions within particles. They applied the classical theory of stability developed by Derjaguin, Landau, Verwey and Overbeek in the 1940s [13, 14] , known as DLVO theory. DLVO theory defines the stability of colloid particles by two forces: a repulsive electrostatic force caused by the particles involved bearing the same polarity, and an attractive van der Waals force caused by the interaction of the dipoles in neighbouring surfaces. When the electrostatic force disappears, due to the addition of salt which screens the charge of the colloid, the system becomes unstable and aggregates.
Such simulations elaborated more on the colloid aggregation; they showed two different regimes of aggregation: diffusion-limited colloid aggregation (DLCA) and reaction-limited colloid aggregation (RLCA).
The DLCA regime occurs when the charge of the colloid particles is completely screened and the 0031-9120/09/050499+04$30.00 © 2009 IOP Publishing Ltd probability (P) of aggregation of two particles that collide is very high P ∼ 1. The aggregates formed by the DLCA regime result in very open, spread out and low density clusters.
Colloids aggregate under the RLCA regime when the charge of the particles is not completely null, but low enough to aggregate. This minimal charge provokes a low probability (P 1) of aggregation each time two colloids collide. Under these conditions the clusters created are compact and dense.
The reason why the two aggregation regimes lead to different kinds of aggregates is not easy to deduce or, at least, is not intuitive: if a free particle aggregates in a cluster under the DLCA regime, it moves under Brownian motion and no electric forces affect its Brownian motion. Since it is very difficult to reach the centre of the cluster without colliding with the outer parts, the branches are the part of the cluster that grow, forming open clusters. Nevertheless, under the RLCA regime a colloid particle has a high probability of reaching the centre of the cluster because the particles that collide do not always aggregate (P 1). This condition favours the formation of compact and dense aggregates due to the fact that 'branches' are not the only part of the cluster that grows [15] .
The goal of this article is to present a new practical exercise to explain this concept which is not easy to understand. We have used tennis balls to simulate, in a visual way, the aggregation of colloids under RLCA and DLCA regimes. Figure 1 shows some of the tennis balls we used. Some Velcro strips have been attached to them. The black areas with Velcro represent the attractive van der Waals forces described by the DLVO theory. The yellow areas without Velcro represent the repulsive electrostatic forces. When the black area of a ball collides with another ball's yellow area, they will aggregate. However, when two yellow areas or two black areas collide, they will not aggregate.
Experimenting with tennis ball systems
The advantage of using tennis balls with Velcro to visualize the two regimes of aggregation is the option of varying the area of the balls with Velcro in order to vary the parameter P, which defines the possibility of aggregation of the two balls that will collide. Notice that the maximum P value that we can simulate is 0.25. P increases by increasing the area covered by the Velcro straps, but if the Velcro strap covers more than half of the total ball area, the parameter P starts to decrease. For instance, by covering the entire ball with Velcro, they will never stick. Within that limit, we can calculate the probability of collision between a Velcro strap on one ball and the yellow area of another ball as:
Velcro area total ball area .
Using equation (1) we can determine that the ball on the left of figure 1 has P = 0.05, which means that 20 collisions are needed for a ball to aggregate. This system simulates an aggregation limited by reaction (RLCA). On the other hand, the ball on the right of figure 1 has P = 0.25, which means that only four collisions are needed for aggregation. This system simulates the DCLA aggregation. We provoked the collision between balls by rolling them against each other from random directions. Balls should be rolled slowly enough to avoid bouncing even when a Velcro strap collides with a yellow area. All balls should be thrown as many times as needed to aggregate to a cluster. Obviously, balls with P = 0.05 will require more throws than balls with P = 0.25. Once the aggregation is complete, a clear difference between RLCA and DLCA aggregation can be easily observed. The clusters of balls are more branched in the case of P = 0.25 than in the case of P = 0.05, shown in figures 2 and 3.
The screening of the electric charge, simulated with Velcro, causes the balls to collide several times before they aggregate, increasing the possibilities of reaching the centre of the cluster. We believe that this simple and original experiment can be useful in visualizing the differences between the mechanism of aggregation under the DLCA and RLCA regimes, which are very important in colloid science.
Following Forrest and Witten's pioneering studies on the aggregation of smoke particles, images of the cluster of balls can be analysed in order to estimate their fractal dimension. This dimension can be defined as the ratio between the logarithm of the size (X ) and the logarithm of the scale (S), as used in [16] : Figure 4 shows the different areas used to count the number of balls inside and representations of cases for the DLCA and RLCA regimes. We used multiple values of the cross section of a single ball to define the different scales, S, and we counted how many balls (using fractional numbers) fit inside the different scales to determine X. Results are plotted in figure 5 . The fractal dimensions calculated by the slope of log X-log S are d f = 1.412 (with R = 0.9996) for the DLCA aggregation with P = 0.25 and d f = 1.612 (with R = 0.993) for the RLCA aggregation with P = 0.05. The decrease in fractal dimension as the probability P increases shows how the clusters become increasingly linear as they go from an RLCA regime to a DLCA regime. In short, this article proposes a new practical exercise that can help students to understand the RLCA and DLCA regimes of aggregation in colloid systems and become familiar with the calculation and meaning of the fractal dimension. Several different experiments can be made by varying the Velcro area, the number of balls, the speed of rolling or the angles. The parameter P can also be calculated experimentally and compared with the result of equation (1).
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